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The main purpose of this work was combining the modern laboratory equipment (RC1 reaction calorimeter
and ReactIRTMiC10 reaction analysis system) and the concept of the Taguchi’s design of experiment to
determine the relative influence of important process parameters affecting the sucrose hydrolysis. The reaction
was catalyzed by strong acidic cation-exchange resin Amberlite IR-120 in H+ form. Four process parameters,
including reaction temperature (ϑ), sucrose mass concentration (γS), catalyst mass concentration (γC) and
the rotational frequency of the stirrer (fm) at four levels were considered in this study. Relative contributions
of the proposed influencing process parameters on hydrolysis time were estimated by analysis of the variance
(ANOVA). The results showed that ϑ had a substantial effect on the reaction time    (78,3 %), the fm and γC
had a smaller ones (7,9 % and 6,4 %, respectively), meanwhile the remain fraction to 100 % represents error
(7,4 %). The optimum conditions, where the time required for complete sucrose hydrolysis would be the
shortest, are: ϑ= 79 °C, γC = 180 g/L, γS = 50 g/L and  fm = 180 min–1.  Although the presented results refer
strictly to the selected case study and are specific within the observed ranges of selected process parameters,
the proposed procedure shows their potential usage in general process design.
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Finding the relative influence of process parameters on
selected optimization criteria requires a large number of
experiments. In order to avoid this, among others, two
statistical methods can be used to minimize their number.
Classical fractional design of experiments (DOE)
emphasizes prediction of future behavior of experiments
from empirical model, while running a fraction of full
factorial design. However, this design suffers the following
limitations: two experimental designs for the same process
may yield different results and the designs normally do not
permit determination of the contribution of each
parameter. Taguchi DOE method [1], based on the classical
full factorial design, is standardized design methodology
with reduced number of experiments. Using a special
orthogonal array only a small set of experiments from all
the possible ones is selected. Furthermore, experimental
designs for the same process by two different investigators
will yield similar data and lead to similar conclusions.
Before DOE, the knowledge of the product/process under
investigation is of prime importance for identifying the
factors likely to influence the optimization criteria. On the
other hand, in order to achieve the highest accuracy and
validity of the results the high quality and up-to date
equipment is required.
The course of a chemical reaction or a physical
transformation can be followed with regard to heat change,
viscosity, yield, quality and other process parameters using
reaction calorimeter RC1 [2, 3]. The data obtained form
the basis for the planning of production facilities. The
determination of process parameters is not the only
feature; the RC1 is also an automatic laboratory reactor. It
can be used to perform and repeat the experiments once
or several times in the same manner or with systematically
changed experimental parameters. The highly controllable
reactor accurately and precisely regulated and recorded
reaction conditions leading to the estimation of model
parameters with high confidence. In-situ FTIR spectroscopy
is appropriate for monitoring reactions [4] occurring in RC1
as well as for investigating kinetics of heterogeneously
catalyzed liquid-phase reactions [5, 6]. The combination
of enhanced control and measurement sensitivity affords
an efficient method of reaction monitoring and process
development. In addition of providing composition
monitoring, the FTIR-based analysis system revealed
reaction pathway information.
The aim of this research was to combine the advantages
of modern laboratory equipment and the concept of the
Taguchi’s methodology for determining the relative
influence of important process parameters on the selected
reaction. Hydrolysis of sucrose was studied to illustrate the
proposed procedure. Sucrose plays a significant role in the
human diet and therefore, it is widely used in the food
industry due to its unique organoleptic and textural
properties [7]. Sucrose hydrolysis produces an equimolar
mixture of fructose and glucose dominated invert sugar,
which has applications in several industrial processes. The
product can be achieved by chemical conversion or by
using the enzyme invertase as biocatalyst. The chemically
catalyzed process is used more often despite the fact that
the enzymatic process produces a higher quality product.
The hydrolysis can be caused by an acid (homogeneous
hydrolysis) or by H+ cationic resin liberation (hetero-
geneous hydrolysis) [8–10].
The reaction is well known and several papers deal with
the investigation of temperature, sucrose/catalyst molar
ratio, initial sucrose concentration, type of catalyst etc. on
the sucrose consumption rate [8, 11–15]. Reaction kinetics
has also been studied [16–18]. Only few studies were
aimed to elucidate the kinetics of sucrose hydrolysis under
catalysis by an ion-exchange resin [19, 20].
It can be found in the reported studies, that process
optimization was also taken into account, but all
techniques involved altering of one parameter at a time
keeping all other parameters constant. Therefore, our
intention was to study a given system with a set of process
parameters within specific intervals of interest and to
improve the process planning strategy and quality
optimization of the process parameters simultaneously.
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Table 1
 CHARACTERISTIC PEAKS AND THEIR BASELINES
Fig. 1.  The calibration plot for sucrose, glucose and fructose
Considering available literature, it can be stated out that
so far the Taguchi method has not been used for
experimental determination of relative impact of the
significant process parameters that influence the reaction
time of sucrose hydrolysis at desired conversion.
Therefore, one of the most known processes in the food
industry was analyzed using the high-tech computer
controlled laboratory equipment (RC1 reaction calorimeter
and ReactIRTMiC10 system) with the Taguchi’s methodology
as a design tool. The influence of reaction temperature (ϑ),
sucrose mass concentration (γS), catalyst mass
concentration (γC) and the rotational frequency of the stirrer
(fm) on the selected optimization criteria (reaction time of
sucrose hydrolysis) was investigated. Strong acidic cation-
exchange resin Amberlite IR-120 in H+ was used as a
catalyst in our case.
Experimental part
Materials
D (+) sucrose (≥  98 %, BioChemica) and commercial
strong cation-exchange resin in H+ form, Amberlite IR-120
(Fluka) as catalyst were used for the hydrolysis of sucrose
to glucose and fructose. Activation of catalyst was
performed using 2 M solution of hydrochloric acid
(Riedel-de Haën, 32 %). Air bubbles (which disturbed the
FTIR immersion probe) were removed from the water at
the beginning of each experiment using N2 (gas, Messer
Slovenia d.o.o).  D (+) glucose (minimum 99,5 %, Sigma)
and D (–) fructose (puriss., Riedel-de Haën) were used for
preparation of standard solutions. The ReactIRTMiC10
detector was cooled by liquid N2 (Messer Slovenia d.o.o).
Experimental equipment
Batch reactor setup
All experiments were performed in RC1 reaction
calorimeter (Mettler Toledo). It consists of a double walled
2 L thermal glass vessel with an inner diameter of 12 cm.
The pressure was atmospheric, and the total reaction
volume of each experiment was, V = 1 L. The metallic
“intermig” stirrer was positioned about (10-15) mm above
the bottom of the reactor to ensure a homogeneous
dispersion of the catalysts in the reactor. The temperature
in the reactor was controlled using equipped standard on-
line temperature probe. The position of the immersion
probe (mid-IR), which has been applied to analyze the
reaction mixtures, was close to the impeller tips, thus
optimizing the quality of the measured data. A detailed
description of RC1 can be found in our previous paper [21].
Spectrometer
The ReactIRTMiC10 system (Mettler Toledo) was used for
the acquisition of mid-IR spectra  [5, 22]. Measurements
were taken optically using a DiCompTM immersion probe
and a diamond as an ATR crystal. The IR absorption
characteristics of the diamond layer restrict the
wavenumber range of the probe to 1950–650 cm–1. The
system is equipped with a liquid nitrogen cooled mercury
cadmium telluride (MCT) detector. The instrument is
computer controlled by a compatible PC using software
iC IR Version 1.5.105 (Mettler Toledo) for data acquisition.
Analysis
In-situ FTIR spectroscopy analysis
In-situ Fourier transform infrared spectroscopy has been
applied efficiently to monitor the concentration of sucrose,
glucose and fructose in liquid phase during hydrolisation
process. For all experiments air was used as a background
spectrum. Each spectrum represents 256 co-added scans
measured every 1 min at a resolution of 8 cm–1 in the 1950–
650 cm–1 range with the    Happ-Genzel apodization method.
Reaction profiles were generated from this data by taking
peak areas and given as absorbance units relative to a two
point baseline (table 1).
The DiCompTM probe was carefully cleaned between
successive analyses with water and dried using acetone
and cotton towel.
Calibration of peak areas to concentration
Independent calibration curves (fig. 1) were prepared
separately at 25°C using a set of solutions with known
sucrose, glucose and fructose concentrations which cover
the concentration range that was measured during the
sucrose hydrolysis.
The linear relationship between concentration and
absorbance is straightforward, therefore according to the
Beer-Lambert law, we defined mass absorption
coefficients for each calibration line. Thus, mass
concentration of components, presented in the mixture
during the reaction, can be calculated.
Taguchi approach to parameter design
Taguchi method is the experimental design technique
which was developed by Genichi Taguchi. It is a
combination of mathematical and statistical techniques
used in empirical study. The  method envisages
implementation of a minimum number of experiments,
which are defined by specific standard orthogonal arrays
(OAs). In order to analyze the results, the method uses an
analysis of variance (ANOVA). It is used for estimating error
of variance and for determination of the relative influence
of various process parameters. Classical experimental
design can determine the optimal condition on the basis
of the measured values of the characteristic properties
while Taguchi method can determinate the experimental
condition having the least variability as the optimal
condition [1, 23].
Design of experiments
The classical design of experiments (DOE) is an
approach for systematically varying the controllable input
parameters and observing the effects of these parameters
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Table 2
PROCESS PARAMETERS AND THEIR LEVELS
Table 3
EXPERIMENTAL LAYOUT USING THE L16 ORTHOGONAL ARRAY
Fig. 2.  Experiment 2: Real-time FTIR waterfall plot for the sucrose
hydrolysis: (A) sucrose consumption and glucose formation; (B)
fructose formation and overlapping the glucose and fructose peak
on the output product parameters. The assumption used
in this study was the individual effects of the input
parameters on the output product parameters are
separable.
Reaction temperature (ϑ), sucrose mass concentration
(γS), catalyst mass concentration (γC) and the rotational
frequency (fm) of the stirrer were considered in our case
as process parameters. A set of four levels were designed
for each factor. Usually the selection of levels and their
ranges depends on how optimization criterion is affected
due to different levels settings. However, we defined levels
ranges according to optimal process conditions (γC, γS, ϑ)
and equipment range-capacity (fm). Parameters and their
level values are listed in table 2.
For classical, full factorial design of experiments, in the
case of four factors with four levels,  44 = 256 experiments
should be conducted. In the case of Taguchi design of
experiments the appropriate OA has to be selected first.
The selection depends of process parameters and their
levels. An L16 (4
5) array was most suitable for the present
study. This means, that 16 experiments with different
combinations of the process parameters should be
performed in order to study the main effects. The structure
of Taguchi’s L16 design is shown in table 3. In our case only
four process parameters were considered, therefore
parameter E was excluded from the design. However,
Taguchi design is preferred because it reduces the number
of experiments significantly. For this design and subsequent
analysis, the software, named as Design-Expert 6.0.6 was
used.
Experimental procedure
All experiments followed the same procedure. Firstly
we defined the amount of water for the reactor to be
charged with. This was done by reducing the initial amount
of water by the amount of water absorbed in the wet
catalyst. Air bubbles were removed by bubbling N2 through
the water. When the temperature of the reaction system
reached the set value, the predetermined mass of the
sucrose was added. Before wet catalyst was added into
the aqueous solution of sucrose, it was activated and
eventual chemical residues trapped in the resins’ matrixes
were removed. This was attained by mixing the dry catalyst
into 500 mL of 2 M HCl for approximately 5 min. Remaining
HCl was washed out from the matrix with distilled water.
The reaction was initiated (reaction time equal to zero) by
addition of the activated wet catalyst. Reaction was
monitored over a period of time till the 100 % conversion
was reached. Due to high quality equipment, used in our
study, no repeatability of the experiments was required.
Results and discussions
The progress of the reaction, the hydrolysis of sucrose
in our case, was followed using the ReactIRTMiC10 system.
During each experiment FTIR spectra were collected
sequentially in  1 min intervals. In figure 2 a set of 3D
reaction spectra for experiment 2 (as an example) are
presented. Formation of both monosaccharides (fructose
and glucose) and consumption of sucrose was recorded.
Intensity of sucrose peak at 999 cm–1 decreases with
time, while the intensity of the glucose peak at 1038 cm–1
increases (fig. 2A). Also, the intensity of the peak at 1063
cm–1 on figure 2B rises due to fructose formation. Increasing
the intensity of the peak at 1105 cm–1 is also result of glucose
and fructose formation. The weakness of this peak is that
glucose and fructose peaks overlap at this wavenumber,
therefore it was not selected for defining the product
concentration.
Figure 3 shows on-line peak area profiles of sucrose,
fructose and glucose for the experiment 2. The
concentration profiles (fig. 4) of the reactant and both
products were calculated using the calibration curves (fig.
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Fig. 3. Time to peak areas for the sucrose hydrolysis
Fig. 4. Concentration profiles of reactant and both products during
sucrose hydrolysis
Fig.5. Sucrose concentration profiles of performed experiments Fig.6. Main effects of process parameters on optimization criteria
1). For clearer review of the reaction course, molar
concentrations are used in figure  4.
The same calculation procedure was applied for all
experiments.
A Taguchi method was used to determine the process
parameters having the most important influence on the
sucrose hydrolysis reaction time, t100 %, at which 100 %
conversion was obtained. The reaction times obtained after
16 different experiments are shown in table 4.
From the table 4 it is evident that at experiments 8 and 9
the complete conversion was reached after, t100 % = 0,62 h
and t100 % = 0.68 h, respectively. On the other hand,
experiments 1.3 and 13 finished after much longer period.
The shortest reaction time was found with experiment 8,
where the process conditions were as follows: ϑ  = 79 °C,
γC = 180g/L, γS = 50 g/L and fm = 160 min–1.
Based on on-line peak area profiles of sucrose and
sucrose calibration curve (fig. 1) the sucrose concentration
profiles (fig. 5) for all experiments were calculated.
The average effects of all four process parameters along
with interactions at the assigned levels on the t100 % value
are shown on figure  6.
The difference between levels and each process
parameters indicates their relative influence on
optimization criterion. The larger the difference, the
stronger is the influence. According to Taguchi
methodology optimal process conditions for their observed
ranges can be defined as the lowest value of each effect
shown in figure 6. These are: ϑ  = 79 °C, γC = 180g/L, γS =
50 g/L and fm = 180 min
–1. The value of fourth process
parameter, fm = 180 min
–1, differs from the value, obtained
by our experiment 8 (fm = 160 min
–1). From the table 3, it
can be seen that OA L16 does not include this combination
of process parameters levels. This means with performing
additional experiment (combination A4, B4, C1, D4), the
sucrose hydrolysis reaction time is expected to be lower
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Table 4
EXPERIMENTAL RESULTS
Table 5
ANALYSIS OF VARIANCE (ANOVA)
than 0,62 h according to predictive ability of  L16. This fact
indicates the only weakness of Taguchi design of
experiment, namely, smaller OA signifies time and cost
savings for the experiments on one side, and on the other,
some important process parameters combinations may be
lost.
It can be observed from figure 6 that among process
parameters studied, ϑ showed the strongest influence.
However, we can define the actual relative influence of
the process parameters’ by the ANOVA statistical method.
Statistical quantities (table 5) were computed according
to well known equations [1, 24], which are presented
together with their interrelationships bellow the table 5.
From table 5, it can be seen that ϑ  has a largest F-ratio
(F = 38.41). The fm and γC have almost the same F-ratios (F
= 4.51 and F = 3.80, respectively), but they are much lower
compared to the one for ϑ. In another way, the γS shows
the minimal F-ratio (F = 0.41).
In the significance test, the Fj value obtained in the
analysis of the variance is compared with a Fm, n value, from
standard F-tables [1] for a given statistical level of
significance, where by m stands for the fj and n means the
fe. Since fj  = fe = 3 in our case, from the standard F-tables
at 0,1 level of significance (90 % confidence), we obtained
F3, 3 = 5.3908. When the computed Fj value of an individual
process parameter is smaller than standard Fm, n value, as
in our example, the Sj for that process parameter is added
to the Se. The same rule is introduced for the degree of
freedom of process parameter. The procedure disregarding
a selected process parameter is known as pooling. The
pooling procedure is sequential, which means that the
process parameter having the smallest Sj value should be
pooled first, then we recalculate the variance, once again
perform significance test and of necessity continue pooling.
If this procedure begins to perform, Taguchi recommends
pooling factors until the fe is approximately half the total
degree of freedom, fT, irrespective of significant test
criterion validity Fj > Fm, n for all remaining process
parameters [1]. Regarding significant test criterion (Fj >
Fm, n) and Taguchi’s recommendation, we pooled only γS
as insignificant process parameter on t100 %.
The results of the repetead calculation, after γs was
pooled, are presented in table 6.
Within the observed range of γS this process parameter
was found to be unimportant compared to the ϑ, fm andγC. The ϑ  had a substantial relative influence on the
hydrolysis reaction time (78.3%), the fm and γC had a smaller
ones (7.9  and 6.4%, respectively), meanwhile the remain
fraction to 100% represents error (7.4 %).
It is well known that sucrose concentration has an
influence on sucrose hydrolysis.  Nevertheless, a negligible
impact of the γS regarding to other process parameters (ϑ,
fm and γC) in our case may be explained by the catalyst
concentration, γC. All four levels within the observed range,γC = (90–180) g/L, were selected according to the available
literature data. We inferred that γC used in our study was
too high. Conventional ion exchange resins composing of
divinylbenzene crosslinked polystyrene (PS-DVB) network
structure contain sulfonic acid groups as matrix active
groups. Influence of the γC on the results of this work can
be explained by the fact that the increase in the γC leads to
an increase in the number of sulfonic acid groups
incorporate in the matrix. Therefore, to examine our results,
we reduced γC and performed some additional
experiments. The results observed with lower catalyst
concentrations confirmed the findings of other authors.
It was also stated by many studies that the impact of ϑ
on the sucrose hydrolysis is considerable. In this work,
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Table 6
ANALYSIS OF VARIANCE
FOR THE OVERALL
EVALUATION CRITERIA
within the range (55–79) °C, it has also been found that
this effect was fundamental.
Conclusions
In this study Taguchi experimental design methodology
was used to determine the relative importance of process
parameters influencing sucrose hydrolysis reaction time
and to find out their optimal values, where this time is the
shortest. Applying this technique, the number of
experiments was reduced from 256 to 16. The experimental
results were obtained using two high quality and powerful
analysis systems (reaction calorimeter and in-situ FTIR
reaction analysis system), which have important worth in
the lab and in the process development. The reaction
temperature, catalyst mass concentration, sucrose mass
concentration and the rotational frequency of the stirrer
were selected as process parameters affecting the sucrose
hydrolysis reaction time. The results of the experiments
were analyzed by the standard statistical technique
ANOVA. The most influential process parameter is found
to be reaction temperature (78.3 %), followed by the
rotational frequency of the stirrer (7.9 %), and the catalysts
mass concentration (6.4 %), while the remaining share
represents an error. The optimal conditions, where the
reaction would be completed first, are: ϑ  = 79 °C, γC =
180g/L, γS = 50 g/L and fm = 180 min–1.
The study is intended to show how modern online
analysis systems in combination with proper design of
experiments can be used to achieve process optimization
with considerable time and cost savings. The results
(concentration-time profiles) also represent the basis for
further research in the direction kinetic studies.
Symbols
A- absorbance, 1
cF - fructose molar concentration , mol/L
cG - glucose molar concentration, mol/L
cS - sucrose molar concentration, mol/L
fe- degree of freedom of error variance, 1
Fj - variance ratio of process parameter j, 1
fj  - degree of freedom of process parameter j, 1
fm - rotational frequency of the stirrer, min
–1
Fm, n -standardized value from the F-tables at defined level of
         significance, 1
fT - total degree of freedom of the result, 1
L - number of levels, 1
M - number of process parameters, 1
N - total number of experiments, 1
Nk - number of experiments on k level, 1
Se - error sum of squares, /
Sj - sum of squares of process parameter j, /
ST - total sum of squares, /
t - reaction time, h
t100 % - reaction time, at  100 % conversion, h
Ve - variance error, 1
Vj - mean square (variance) of process parameter j, /
Xe - relative influence of error j on optimization criterion, %
Xj - relative influence of process parameter j on optimization
      criterion, %
Yi - i value of optimization criterion, /γC - catalyst mass concentration, g/L
γS - sucrose mass concentration, g/L
λ - wavenumber, cm-1
ϑ - temperature, °C
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